ABSTRACT Uptake of glucose, fructose, and the nonmetabolizable analog 6-deoxyglucose was measured in wild-type Saccharomyces cerevuiae and two mutant strains, one (hxkl hxk2) lacking both hexokinase A (P-I) and B (P-Il) but containing glucokinase (and hence able to grow on glucose but not fructose) and the other (hxkl hxk2 gik) also lacking glucokinase (and not able to grow on glucose either). Uptake of the nonmetabolized substances (i.e., 6-deoxyglucose in all three strains, fructose in the two mutants, and glucose in the triple mutant) reached a plateau at or below the external concentration. The kinetic characteristics of uptake were determined from 5-sec incubations by plotting velocity (V) vs. velocity/substrate concentration (V/S) curves. According to such plots, in the wild-type strain uptake had two components, "high affinity uptake" with Km values of ca. 1 mM for glucose and 6 mM for fructose and "low affinity uptake" with Km values of ca. 20 and 50 mM, respectively. The double kinase mutant showed both components for glucose but only the high Km component for fructose, while the triple kinase mutant showed only high Km uptake for both glucose and fructose. Genetic analysis showed that only in strains lacking both hexokinases (hxkl hxk2) was the low Km system for fructose absent. Low Km uptake was restored to the triple mutant by introduction of the cloned wild-type genes: HXK1 orHXK2, for fructose uptake, and HXKl, HXK2, or GLKl, for glucose uptake. A phosphoglucose isomerase mutant had both low and high Km uptake for glucose. These results indicate the presence of two types of uptake mechanism for glucose and fructose in yeast, the functioning of one of which, the low Km system, is influenced by the cognate kinases.
in the wild-type strain uptake had two components, "high affinity uptake" with Km values of ca. 1 mM for glucose and 6 mM for fructose and "low affinity uptake" with Km values of ca. 20 and 50 mM, respectively. The double kinase mutant showed both components for glucose but only the high Km component for fructose, while the triple kinase mutant showed only high Km uptake for both glucose and fructose. Genetic analysis showed that only in strains lacking both hexokinases (hxkl hxk2) was the low Km system for fructose absent. Low Km uptake was restored to the triple mutant by introduction of the cloned wild-type genes: HXK1 orHXK2, for fructose uptake, and HXKl, HXK2, or GLKl, for glucose uptake. A phosphoglucose isomerase mutant had both low and high Km uptake for glucose. These results indicate the presence of two types of uptake mechanism for glucose and fructose in yeast, the functioning of one of which, the low Km system, is influenced by the cognate kinases.
Glucose transport in yeast is not well understood. Studies of specificity have implicated a constitutive membrane carrier for uptake of glucose, fructose, and mannose and their analogs (1) (2) (3) . The internal concentration of glucose is low during its metabolism, and the problem, as posed by van Steveninck and Rothstein (4) , has been whether the low concentration reflects metabolic phosphorylation following entry by facilitated diffusion or a more intimate connection between entry and metabolism-for example, a transient phosphorylation during entry, or even formation of the first metabolic intermediate, hexose-6-phosphate, occurring by an obligatory vectorial phosphorylation (as with the bacterial phosphotransferase system). Several experimental lines of evidence seem to implicate metabolism with transport. (i) Considerations of kinetics do not simply accord with a membrane carrier of fixed properties delivering hexose to the cytoplasm (5, 6) . (ii) Metabolic inhibitors, such as iodoacetate, are known to affect apparent affinity for uptake (7) and, in derepressed cells, as measured by fermentation rate, affinity for glucose is decreased by oxygen (8) . (iii) Experiments with 2-deoxyglucose have established that its internal free poolin whatever compartment-is preceded by 2-deoxyglucose 6-phosphate (9) (10) (11) . And (iv), affinity for uptake roughly parallels affinity for phosphorylation (1) .
One way to avoid some complications inherent in the use of substrate analogs or inhibitors would be to use the natural substrate and mutants affected in its metabolism. In yeast, there are three enzymes for the phosphorylation of glucose in the 6-position: hexokinase A (P-I), hexokinase B (P-II), and glucokinase; the two hexokinases also act on fructose. Mutants lacking the two hexokinases grow on glucose but not on fructose, and mutants also lacking glucokinase do not grow on glucose either (12) (13) (14) . The present paper is about hexose uptake in these mutants. The data accord with yeast having at least two functionally different hexose uptake systems, one of which is missing in mutants lacking kinase activity.
MATERIALS AND METHODS Materials. Reagents were obtained from various sources: D-
]mannitol, and Aquasol were from New England Nuclear; 6-deoxy-D-glucose and L-glucose were from Sigma; glass microfiber filters (GF/A) were from Whatman; and media constituents were from Difco.
Organisms. The wild-type strain used for most experiments, DFY1 (D585-11C) (a lysl SUC MAL), and the phosphoglucose isomerase mutant strain DFY34 (a pgi inol ino4) have been described (15) . Another wild-type strain, X2180-1B (a gal2 SUC2 mal CUP1; ref. 16 ) was also used. The mutant strain lacking the two hexokinases but containing glucokinase was DFY436 (a leu2 lysl hxkl hxk2) and the mutant strain also lacking glucokinase was DFY437 (a leu2 lysl hxkl hxk2 gik) (17) . The shuttle vector plasmid, YEpl3 (18) carrying the putative genes HXK1, HXK2, or GLK1 (17) , was transformed into DFY436 (by B. Walsh) or DFY437 by the method of Beggs (19) , with selection for leucine prototrophy.
Uptake of Labeled Sugars. The method was slightly modified from ref. 20 . Cells were grown in buffered medium (as in ref. 15 , but at pH 6.5) containing tryptone, yeast extract, and the specified major carbon sources at 2%. Cells were collected by filtration, washed twice with 10-ml portions of 0.1 M KPO4 (pH 6.5), and suspended in the phosphate buffer at a final concentration of 2-6 mg (wet weight) per ml. Portions (0.1 ml) were incubated in 18 x 150 mm tubes in a 30°C bath. Uptake was initiated by addition of the labeled sugar (0.5-4 ,uCi/,mol; 1 Ci = 37 GBq). After 5 sec of incubation (unless specified otherwise), uptake was terminated by addition of 10 ml of water at 0°C, and the cells were collected on glass fiber filters at reduced pressure and washed on the filter with an additional 10 ml of water at 0°C. (The blank in each experiment had the labeled substrate added simultaneously with the cold water rather than 5 sec earlier.) The filters were placed in scintillation vials and 5 ml of Aquasol was added; radioactivity was measured using a Beckman LS 335 liquid scintillation counter.
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Long-Term Uptake. Uptake over a 30-min period of glucose, fructose, and 6-deoxyglucose in the wild-type strain (DFY1), in a double hexokinase mutant (DFY436, hxkl hxk2), and in a triple mutant lacking all three kinases (DFY437, hxkl hxk2 gik) is shown in Fig. 1 . 6-Deoxyglucose is not metabolized by Saccharomyces cerevisiae (21) . Its uptake reached a plateau within a few minutes, in the wild-type strain as well as in the two mutants. A similar plateau was observed with fructose in both of the mutants but not in the wild-type strain. With glucose, on the other hand, uptake was sustained in both wild-type and double hexokinase mutant strains (the latter containing glucokinase) but reached a plateau in the triple mutant strain.
Thus, the general characteristics of uptake in all three strains was for cell-associated radioactivity from nonmetabolizable substrates to attain a constant level. This is the pattern known for uptake of analogs and for glucose uptake by cells treated with metabolic inhibitors (7): a plateau largely or exclusively reflecting soluble metabolites (e.g., see ref . 9) and, in the case of the unmetabolized analog 6-deoxyglucose, an internal concentration not exceeding the external one (21) . In the experiments of Fig. 1 , assuming cell water to be ca. 60% of wet weight (6-9), equilibration of external and internal substrate would have given plateau values of 11 nmol/mg (wet weight). The actual values were lower, possibly reflecting compartmentation, but were far above the reported 10% extracellular volume (22) . As expected for uptake of nonmetabolized substances, values of cell-associated radioactivity were very sensitive to experimental conditions; for example, washing the filtered cells at 30'C instead of at 00C gave much lower values. Dependence of the observed uptake on atransport system was in accord with the finding that, in the wild-type strain or the triple mutant, uptake of 10 mM L-glucose or D-mannitol was barely detectable in 5-min incubations. It should also be noted that the retention of radioactivity from the metabolizable substances (glucose in the wild-type and double-mutant strains; fructose in the wild-type strain only) was not linear for long (Fig. 1) . As Serrano and DelaFuente (8) pointed out, a decrease in the uptake rate would be expected, because initial uptake would be into the pool of soluble metabolites, while the later quasisteady state of uptake would reflect net assimilation; the present wild-type strain converts about two-thirds of glucose to CO2 and ethanol (23) .
Uptake over a Short Time Period. Over a time period of 0.5 min or less, however, uptake appeared to be linear with time and to extrapolate through zero, as shown for fructose in Fig. 2 , for both the wild-type and the two mutant strains. Using 5-sec uptake periods only, we determined initial velocities of uptake of fructose and glucose over a range of substrate concentrations from 0.2 to 200 mM and plotted the data as velocity (V) vs. velocity/substrate concentration (V/S) (Fig. 3) . According to the Eadie-Hofstee equation, V = Vmx -Km(V/S), a system with Michaelis-Menten kinetics would give a straight line with a slope equal to -Km. It is evident, however, that for the wild-type strain DFY1 the plots were not linear but biphasic for both glucose and fructose. (Similar results with glucose are shown with another wild-type strain, X2180-1B, in Fig. 4 .) We will provisionally interpret these results as indicating the presence of (at least) two uptake systems or components, with Km values differing by a factor of about 10 ( Table 1) .
[A more detailed analysis will be presented elsewhere. In the mutant strain lacking both hexokinases but containing glucokinase, DFY436, both the low and high Km components were evident for uptake of glucose but only the high Km component was evident for uptake of fructose. In the mutant strain lacking all three kinases, DFY437, the V vs. V/S plots were lin- (4) 50 (2) Km values (mM) were obtained from the quasilinear portions of the V vs. V/S plots (e.g., Fig. 3 ) and are given ±SDs where appropriate; numbers in parentheses are numbers of separate determinations. Two values are given for those cases for which the plots were distinctly nonlinear. tween a hxkl hxl2 strain and a wild type; all of the hxkl hxk2 segregants showed only high Km uptake while all the other segregants showed both high and low Km uptake. In addition, two spontaneous revertants of the hxkl hxl2 strain DFY436, selected for ability to grow on fructose, simultaneously regained fructose phosphorylating activity and low Km uptake.
As mentioned in the Introduction, it is known that metabolic conditions may affect glucose uptake. Since the absence of kinases (two for fructose or three for glucose) is also associated with inability to grow on the sugar, one might inquire whether other mutations affecting growth, or metabolism, likewise affect uptake. We found that a phosphoglucose isomerase mutant that is completely unable to grow on glucose nonetheless resembled the wild type in having both uptake components for this sugar (Fig. 4) . Thus, inability to grow on sugars or to use glycolysis is not inevitably associated with loss of high-affinity sugar uptake.
We also note (data not shown) that galactose uptake was not abnormal in the two hexokinase mutant strains; galactose is known to use a separate inducible transport system (24) .
Effect of Cloned Kinase Genes on Uptake. Although the most direct interpretation of the results described above is that the kinases influence sugar uptake, another possibility need be considered: that the alterations in transport arose by secondary mutation. For example, because mutants blocked later in glucose metabolism are inhibited in their growth by glucose (25) , if the same were true in the kinase mutants, then traces of glucose in the medium or endogenously formed might have provided selective pressure for subsequent mutational alteration of transport.
We therefore restored the missing kinases in the mutants by transformation with clones carrying the kinase genes (17) and reexamined uptake. Transformation of the triple kinase mutant, DFY437, by any single wild-type gene (HXKI for hexokinase A, HXK2 for hexokinase B, or GLK1 for glucokinase) restored low Km glucose uptake (Fig. 5A) while only HXKJ or HXK2 restored low Km fructose uptake (Fig. 5B) . Furthermore (data not shown), the same result-restoration of high-affinity fructose uptake by HXK1 or HXK2-was also observed in transformants of the double-mutant strain DFY436. Transformation of either double or triple mutant by the vector alone, YEpl3, had no effect, and segregation of the kinase plasmids from the trans- formed mutant strains restored the mutant phenotype for hexose transport.
These results make it very likely that it is the kinase defects themselves, rather than secondary mutations, that account for impairment of sugar uptake in the mutant strains.
DISCUSSION
We have presented evidence that glucose and fructose uptake in wild-type Saccharomyces may involve two different types of system, distinguishable on the basis of apparent affinity for the sugar. Mutants lacking kinases for glucose or fructose have only the high Km (i.e., low-affinity) system. This system likely involves facilitated diffusion, because the sugars are not accumulated above external concentration and are readily lost from the cells. J. M. Land and V. P. Cirillo (personal communication), in a study of glucose uptake in a triple kinase mutant, have also concluded that the mechanism is facilitated diffusion.
Strains that have kinase activity for glucose or fructose, on the other hand, also have a low Km (i.e., high-affinity) system for their uptake. We suggest that various earlier estimates of affinity for uptake that have given single values in the low millimolar range may have reflected the kinase-dependent system. Indeed, if the kinetic analysis of the present data were done with 1/V vs. 1/S plots-which weight lower substrate concentrations-one might easily conclude that the wild-type strain contains only low Km uptake, and we are indebted to V. P. Cirillo for emphasizing the utility of V vs. V/S plots (personal communication). The latter plots should also afford an estimate of the V,,, values of the two systems, because the intercepts of the two straight line portions with the V axis should be the Vma.
of the low Km and of the low Km + high Km systems, respectively. According to Fig. 3, the Nonetheless, we believe that the two types of data presented, kinetic and genetic, establish that a major component of glucose and fructose uptake in Saccharomyces depends on the presence of the kinases. How might they be involved? According to one model, the kinases would have a metabolic role, such as forming an activator of uptake or removing an inhibitor (perhaps internal glucose itself). However, several considerations argue against metabolism of the sugar taken up as itself determining low Km uptake. First, because uptake over the first 0.5 min was linear and appeared to extrapolate to zero, and because the uptake characteristics did not clearly depend on the previous growth of the cells (e.g., on glucose or on lactate, in which case many internal metabolite levels are very different), the effects of metabolism would have to have been very rapid. Second, glucose uptake showed both components in the phosphoglucose isomerase mutant (Fig. 4) , which would argue against glycolytic metabolism being important. And third, experiments with 6-deoxyglucose, which is not phosphorylated (21) , show uptake to be clearly affected by the presence of the kinases (unpublished data).
One might also consider the possibility that the kinases have some unknown metabolic function that affects transport-for example, synthesis of an activator from a substrate other than glucose or fructose. It should be remarked, however, that the fact of low Km uptake for glucose but not for fructose in the hxkl hxk2 mutant would necessitate that there be different activators for these two sugars.
Therefore, without suggesting that metabolism has no effect on transport, we feel that the above considerations make it unlikely that metabolic effects offer the only reasonable explanations of the present results. A different type of model would be that the kinases form a functional part of the hexose uptake system. For example, although the yeast hexokinases have been characterized as "soluble" enzymes, it is-possible that a small fraction of the activities are tightly membrane bound or that there is a loose association with some membrane component(s) that performs the primary recognition of the external sugar. [There is knowledge in some systems of specific binding of hexokinase to the mitochondrial membrane (26) as well as of binding of other glycolytic enzymes to the plasma membrane (e.g., ref. 27 ).] Such interactions might influence apparent affinity for uptake of the sugar from the outside, either influencing its delivery as free sugar into the cytoplasm or even effectively resulting in vectorial phosphorylation.
It is not yet possible to say how many glucose uptake systems Saccharomyces has. For ease of presentation, we have referred *to low and high Km systems. Although there might be two different systems, the present data would also accord with a single facilitator that allowed high Km uptake in the absence of kinase interaction and low Km uptake when any one kinase was bound, or with uptake involving several different membrane components-e.g., one for each kinase and a fourth for high Km uptake.
Although a glucose binding protein has been reported in the yeast membrane (28) , there is as yet no genetic knowledge of the glucose membrane carrier(s). The roles of the three kinases for glucose are not well understood even with respect to metabolism. Although any one of them is adequate for growth on glucose (14) , in the wild-type strain, hexokinase B is predominant in growth on glucose and hexokinase A seems to be a repressible enzyme that appears when glucose has been used, up (13, 29, 30) . According to the present work, any one of the three enzymes (for glucose) or two (for fructose) is likewise adequate for low Km uptake. Certain questions about their roles should be resolved by further genetic analysis. Others will likely require studies of transport in vesicles or liposomes.
